Respiratory syncytial virus (RSV) is a major cause of paediatric respiratory disease. 22 Large numbers of neutrophils are recruited into the airways of children with severe 23 RSV disease. It is not clear whether or how neutrophils enhance recovery from disease 24 or contribute to its pathology. 25
INTRODUCTION 45
Respiratory syncytial virus (RSV) is the major viral cause of pulmonary disease in 46 young infants and the elderly and is responsible for annual epidemics that cause 47 considerable morbidity and mortality worldwide (1, 2) . A growing body of evidence 48 suggests that the virus initiates infection by targeting human ciliated epithelium lining 49 the nasopharynx (3) (4) (5) (6) . Recent advances in cell culture have allowed us to explore the 50 early effects of RSV infection on ciliated human respiratory epithelium and helped 51 elucidate the mechanisms by which RSV causes disease. 52
53
Severe RSV disease is characterized by profound neutrophilic inflammation in the 54 lungs: up to 85% of broncho-alveolar lavage (BAL) cells, from babies with bronchiolitis, 55 are neutrophils (7) . These cells are thought to play an important role in host defense 56 during respiratory viral infections, but they have also been implicated in lung tissue 57 damage in a variety of conditions including ARDS, acute lung injury, cystic fibrosis (CF) 58 and COPD (8) (9) (10) . In these and other conditions, it may be that neutrophils recruited 59 to the airways as part of host defense contribute to tissue damage and exacerbate 60 disease. Currently little is known about the role of neutrophils in the airways during 61 RSV disease. Studies using animal models (11) (e.g. human RSV infection in mice, 62 sheep, and cotton rats) lack sensitivity and do not fully recapitulate the disease in man. 63 For example, only 18-27% of BAL cells recovered from human RSV infected calves 64 are neutrophils, 3-14% in mice (12, 13) and <5% in cotton rats (14) . 65 66 In the human airway, infiltrating neutrophils directly interact with inflamed epithelial 67 surfaces and have adapted mechanisms to respond to RSV infected airway epithelial 68 cells. However, few studies that have investigated neutrophil function during this 69 interaction. The primary aim of this study was to evaluate the possible injury caused 70 by neutrophils to RSV infected ciliated cell cultures, to evaluate the early changes in 71 neutrophil function during RSV respiratory infection and to assess whether neutrophils 72 had an anti-viral effect. 73 74 75 METHODS 76
Subjects and ethical considerations 77
Human nasal epithelial cells and/or peripheral blood samples were obtained from 78 different (heterologous) adult healthy control donors who had no history of nasal or 79 respiratory disease. Epithelial cells were collected at least 3 months prior to neutrophil 80 collection. None of the subjects were taking medications or had reported a 81 symptomatic respiratory infection in the preceding 6 weeks. 
Viral infection of primary epithelial cell cultures 86
Primary human nasal airway epithelial cells (nAECs) were grown to a ciliated 87 phenotype on 0.4µm pore Transwell inserts (Corning) at air-liquid interface (ALI) as 88 described previously (3). Recombinant GFP tagged RSV A2 strain was kindly provided 89 by Fix et al, 2011 (15) and propagated using HEp-2 cells (MOI 0.1) for 3-5 days in Opti-90 MEM. Virus was purified as described previously (16), collected in BEBM (Life 91 Technologies) and frozen at -80°C. Aliquots of RSV were thawed immediately prior to 92 use. For ALI culture infection, the apical surface of the ALI cultures was rinsed with 93 medium (BEBM) and 200µL viral inoculum (MOI: 1) in BEBM was applied to the apical 94 surface for 1h at 37°C and then removed (see Supplementary Figure S1 ). Mock wells 95 received BEBM alone. All cells were fed basolaterally with fresh ALI medium prior to 96 infection. The infection continued for 24h and 72h. 97 98
Neutrophil isolation and purification 99
Neutrophils were isolated from peripheral venous blood using a Percol density gradient 100 as described previously (17) 
Determination of neutrophil degranulation 118
Degranulation was assessed by measuring neutrophil elastase (NE), myeloperoxidase 119 (MPO and matrix metalloproteinase-9 (MMP-9) in the apical surface media. The 120 amount of NE or MPO in apical surface media was measured using commercial activity 121 assay kits (Cayman, USA). MMP-9 release was measured using commercial ELISA kit 122 (Biolegend, USA). All protocols were according to the manufacturers' instructions. 123 124
Neutrophil CD11B and MPO expression 125
Neutrophil activation was determined by measuring the cell surface protein expression 126 levels of CD11B and MPO. All neutrophils were centrifuged at 1400rpm, 5mins and 127 washed once in 500µl FACS buffer (PBS (Ca2+Mg2+ free), 0.5% BSA, 2.5mM EDTA). 128
The cell pellet was then resuspended in 50µl (1/50 dilution in FACS buffer) of TruStain 129
FcX blocker antibody (BioLegend) and incubated at 4°C for 10minutes, then washed 130 in FACS buffer as above. Cells were resuspended in 50µl FACS buffer plus 1/250 131 dilution PE anti-Human CD11B conjugate (50-0118-T100, Insight Biotechnology) and 132 1/50 dilution Anti-MPO-APC human antibody clone:REA491, Miltenyl 133 Biotec) and incubated at 4°C for 20 minutes in the dark. Unstained and single antibody 134 controls confirmed no cross reactivity. Cells were washed once in FACS buffer, 135 resuspended in 1% (w/v) PFA and stored at 4°C. Directly prior to running, samples 136 were centrifuged (1400rpm) and resuspended in FACS buffer. AnnexinV apoptosis detection kit (Miltenyl Biotec) was used to carry out this assay. 145
Neutrophils collected from the cell pellet (described above) were resuspended in 50µl 146 FACS buffer plus 1:250 dilution APC anti-Human CD11B conjugate (Insight 147 Biotechnology) and incubated at 4°C for 20 minutes in the dark. Cells were washed 148 once in FACS buffer, resuspended in 50µl Annexin binding buffer with 0.3µl of Annexin 149 V for 15 minutes in the dark at room temperature. They were then flash stained with 150 propidium iodide (PI), 10µl in 900µl of Annexin binding buffer and analysed on a 151
FACSCalibur flow cytometer. Unstained and Annexin V or PI single stained controls 152 confirmed no cross reactivity. At least 10,000 events were collected. Neutrophils were 153 first identified as being CD11B positive (PE+). 154
155

CBF and beat pattern 156
Beating cilia were observed via an inverted microscope system (Nikon TiE; Nikon, 157 UK) equipped with an incubation chamber (37°C, 5% CO2) as previously described (3). 158
To determine ciliary beat frequency (CBF), videos were recorded using a ×20 objective 159 using a CMOS digital video camera (Hamamatsu) at a rate of 198 frames per second, 160 and image size of 1024x1024 pixels. CBF (Hz) was calculated using ciliaFA software 161 (19) . The number of motile ciliated cells in each sample area was counted (motility 162 index). The dyskinesia index was calculated as the percentage of dyskinetic ciliated 163 cells (those that displayed uncoordinated motile cilia or those that beat with a stiff, 164 flickering or twitching motion) relative to the total number of motile ciliated cells. 165 166
Immunofluorescence microscopy 167
Following fixation, cells were washed three times with PBS, treated with PBS 168 containing 0.1% Triton X-100 for 10 min to permeabilize the cells. Cells were incubated 169 with 5% FCS in PBS for 0.5h at room temperature to block nonspecific interactions, 170 and washed again three times with PBS. All subsequent antibody incubations were 171 carried out in 5% FCS in PBS + 0.1% Triton X-100. Reagents used in this study were 172 rabbit anti-ZO-1 polyclonal antibody (1:200, sc-5562, Santa Cruz) and mouse anti-173 acetylated α-tubulin monoclonal antibody (6-11B-1; 1μg/mL; Sigma). Primary antibody 174 incubations were carried out in a humidified chamber overnight at 4°C, followed by 175 three washes with PBS. Detection of primary antibodies was carried out for 1h using 176 the following reagents: fluorescein FITC (Sigma #F2012) conjugated rabbit anti-mouse 177
(1:64) or AlexaFluor 594-conjugated rabbit anti-donkey antibody (1:250; Invitrogen, 178 Paisley, UK). All secondary antibodies had been tested and found to be negative for 179 cross-reactivity against human epithelial cells. Following three washes in PBS, DNA 180 was stained with Hoechst 33258. After a final wash in distilled water, the insert was cut 181 from the support and mounted under coverslips in 80% (v/v) glycerol, 3% (w/v) n-182 propylgallate (in PBS) mounting medium. Images were captured with confocal laser 183 microscope (Zeiss Observer Z.1) using a 40x water immersion objective. The pinhole 184 was set at 1 airy unit (AU). For Z-stack images the slice thickness was 1μm. 196 197 Neutrophils enhance ciliated epithelial layer disruption and ciliary loss. 198 We found that neutrophils interacted with motile ciliated nAECs almost immediately 199 after introduction and gathered together to in clusters (Figure 1A) . After 1h incubation 200 with ciliated nAECs infected with RSV for 24h and 72h, neutrophils were shown to 201 decrease epithelial expression of ZO-1 (a marker of epithelial cell tight junction proteins) 202 when compared to mock-infected cultures (P=0.002). This reduction in expression was also significantly lower than RSV infected cells without neutrophils 204 (Figure 1B and C) at 72h (P=0.001), but not 24h post infection (P=0.07). We also 205 found that addition of neutrophils was associated with greater nAEC loss after 1h, with 206 significantly fewer RSV-infected nAEC nuclei remaining attached to the membrane 207 insert at 24h post-RSV infection compared to the respective mock-infected control 208 (P=0.006) and compared to RSV-infected nAEC without neutrophils (P<0.0001) 209 (Figure 1D) . ZO-1 staining and numbers of epithelial cells were similar whether 210 neutrophils were added to cultures infected for 24 or 72 hours. 211
RESULTS
212
As RSV has been shown to target ciliated cells for infection, we were especially 213 interested in how ciliary activity is altered during neutrophil interactions with RSV 214 infected epithelial cells. We found that ciliary beat frequency was unaffected by RSV 215 infection or exposure over the entire study period (Table 1) and without neutrophil exposure (Figure 2A/B) . However, we found that at 72h post-228 RSV infection, the mean fluorescence intensity for α-tubulin was almost half that of the 229 mock-infected group with neutrophils (P=0.014) (Figure 2B) . This loss α-tubulin 230 staining correlated with a loss in the number of motile cilia, observed by light 231 microscopy (referred to as the mean motility index) at 72h post-RSV infection 232 (57.6±1.89%), which was less compared with the mock-infected controls (70.8±1.97%) 233 (P<0.05). Exposure to neutrophils for 4h lowered the mean motility index of ciliated 234 cells infected with RSV for 72h (50.41±2.77%) compared to pre-neutrophil time point 235 (P<0.05) ( Table 1) . As is shown in Figure 2C After 4h after neutrophil exposure, we detected a significantly lower infectious virus 243 with a RSV titre of 2.4x10 4 pfu/ml recovered from cultures infected with RSV for 72h 244 without neutrophils, compared to 2.8 x10 3 pfu/ml in cultures infected with RSV for 72h 245 with neutrophils (P<0.05) (Figure 3A) . We assessed the numbers of RSV infected 246 nAECs by measuring the mean fluorescence intensity of GFP, a marker of active 247 cytoplasmic RSV replication. Using fluorescence microscopy (Figure 3B) , we found 248 that GFP expression was significantly lower 1h after exposure to neutrophils compared 249 with those cells without neutrophils at both 24h and 72h post infection (P<0.05) ( Figure  250 3B and C). 251
252
Incubation with RSV infected ciliated epithelial cells increases neutrophil 253 apoptosis 254
Using flow cytometry (Figure 4A) we showed that, at 24h post RSV-infection, there 255 was no difference in the percentage apoptotic (PI lo AnnexinV hi ) neutrophils recovered 256 from RSV infected nAECs (11.1±5.1%) compared to 4.8±2.7% in the mock-infected 257 co-cultures ( Figure 4B) . However, at 72h post-infection, we detected significantly more 258 apoptotic neutrophils after exposure to RSV infected nAECs with 46.7±11.4% 259 compared to 6.2±0.9% in the mock-infected co-cultures (P<0.0001) (Figure 4B) . 260 Apoptosis appeared to be the dominant form of cell death as we did not detect an 261 increase in dead (PI hi AnnexinV lo ) neutrophils at any time point or test condition. After 262 4h exposure to epithelial cells infected with RSV for 72h we detected 6.43±7.2% dead 263 neutrophils compared to 5.5±7.3% in the mock control (P>0.99) (Figure 4B) . 264 265
Incubation with RSV infected ciliated epithelial cells increases neutrophil 266 expression of CD11B and MPO and augments degranulation 267
Incubation with ciliated epithelial cells RSV infected for 24h led to significantly greater 268 expression of CD11B on neutrophils after 4h, but not 1h, compared to neutrophils that 269 were incubated with mock infected ciliated epithelial cells with a mean (±SEM) 270 fluorescence intensity of 1.3x10 3 ±1.21x10 2 compared to 9.7x10 2 ±3.9x10 1 respectively 271 after 4h (P=0.048) (Figure 5A) . At 72h post infection, incubation with ciliated epithelial 272 cells RSV infected led to significantly greater expression of CD11B on neutrophils after 273 1h and 4h, compared to neutrophils that were incubated with mock infected ciliated 274 epithelial cells with a MFI of 1.7x10 3 ±3.6x10 2 compared to 8.9x10 2 ±8.2x10 1 275 respectively after 4h (P=0.0002) (Figure 5A) . Incubation with epithelial cells infected 276 for 24h showed significantly greater expression of MPO on neutrophils after 1h and 4h 277 of incubation, compared to neutrophils that were incubated with mock infected ciliated 278 epithelial cells with a mean (±SEM) fluorescence intensity of 6.5x10 2 ±1.1x10 2 279 compared to 2.5x10 2 ±1.2x10 1 respectively after 24h infection (P<0.0001) ( Figure 5B ) 280 with similar findings at 1h (P=0.722) and 4h (P<0.0001) after 72h RSV infection. 281
282
Neutrophils incubated with RSV infected ciliated epithelial cells released more active 283 neutrophil elastase (NE) at 24h and 72h post-RSV infection (P<0.05) (Figure 5C) . We 284 found that the concentration of NE in apical surface media was significantly greater 285 after 1h neutrophil exposure to RSV infected AECs at both 24h (P=0.01) and 72h 286 (P=0.002) post infection with a mean±SEM of 54.5±13.5mU/ml, compared to 287 19.8±.4.4mU/ml in the mock-infected cultures at 24h post infection. To determine 288 whether NE correlated with augmented azurophil granule release or was specific to 289 NE alone, myeloperoxidase (MPO) activity was also assessed. Here we found 290 significantly more MPO activity (P=0.003) after exposure of neutrophils for 4h to 291 epithelial cells infected with RSV for 24h (P=0.006) or 72h (P<0.0001) (Figure 5D ) 292 with a mean±SEM of 1.0±0.0 OD at 24h, compared to 0.6±.0.1 OD in the mock-infected 293
cultures. This was also significantly different after 1h at 72h (P<0.003) but not 24h 294 (P=0.065) post-RSV infection. 295
296
RSV infection was also associated with greater release of active MMP-9 from 297 neutrophils (Figure 5E) We have shown that when RSV infected human primary nasal airway epithelial cells 305 are exposed to neutrophils at physiological concentrations there is increased epithelial 306 layer disruption, ciliary loss and less infectious virus in these cultures. This suggests 307 that neutrophils are helping to eliminate viral infected cells and reduce viral spread. 308
The airway epithelial damage that we observed, consistent with previous studies (20, 309 21), may be a necessary consequence of this anti-viral effect. We found that RSV 310 infection without neutrophils did not reduce CBF, but did increase the number of cilia 311 that presented with an abnormal beat pattern as early as 24h post-infection, which is 312 similar to our previous findings (3, 5) . Interestingly, the addition of neutrophils did not 313 further increase ciliary dyskinesia. 314
315
The reduction in number of RSV infected epithelial cells following neutrophil exposure 316 may result from neutrophil degranulation. Neutrophils are known to mediate direct 317 antimicrobial effects and neutralize several influenza A, RSV and vaccinia virus strains 318 through effector mechanisms including degranulation (22) (23) (24) . We have shown that 319 neutrophils exposed to RSV infected human primary airway epithelial cells have 320 greater expression of the activation markers CD11B and MPO, and release greater 321 amounts of NE, MPO and MMP9. It is recognized that the inflammatory processes in 322 the airways of infants with RSV bronchiolitis are dominated by an intense neutrophil 323 influx (7, 25) and that neutrophil products such as MPO and NE are released into the 324 airway lumen (26). Indeed, the degree of neutrophilic inflammation correlates with disease severity in patients with RSV-induced bronchiolitis (27) . Our study has shown 326 that RSV infected epithelial cells increased NE and MPO and gelatinase (MMP-9) 327 granule populations, at the same time as reducing neutrophil membrane integrity. This 328 appears to be relevant to the pathophysiology of viral respiratory infections (28, 29) . 329
Likewise, both NE and MMP-9, which may be necessary for clearance of bacteria, are 330 linked to airway damage and progression of cystic fibrosis (30). Our results are 331 consistent with these clinical findings, suggesting that the cytotoxicity of neutrophil 332 antimicrobial proteases may be important in viral clearance, but may also potentiate 333 RSV-induced lung injury. 334
335
A surprising finding was that at 72h, but not at 24h, post RSV-infection, neutrophil 336 exposure led to an increase in numbers of apoptotic neutrophils. This finding is 337 consistent with a clinical study that found neutrophil apoptosis was accelerated in 338 nasopharyngeal aspirates and peripheral blood of infants with RSV bronchiolitis (31). 339
Neutrophil apoptosis is thought to be associated with loss of degranulation and other 340 pro-inflammatory capacities (32). We found that RSV infected epithelial cells increased 341 neutrophil degranulation in regards to increased neutrophil elastase (NE) and 342 myeloperoxidase (MPO) activity in apical surface media at the same time as we 343 detected the increased neutrophil apoptosis. These data suggest that within this model, 344
there may be at least two subsets of neutrophils that respond differently to RSV 345 infected airway epithelial cells. It is possible that this balance in neutrophil function 346 could be a predictor of disease severity (See Figure 6) . 347
348
One limitation to our study was the number of neutrophils used. The exact ratio of 349 interacting neutrophils and airway epithelial cells in the lung of children with RSV 350 bronchiolitis is unknown. We used the equivalent concentration of 5x10 6 /ml neutrophils, 351 which is the upper limit of the number of neutrophils recovered from BAL of infants with 352 RSV bronchiolitis (1.78±3.3x10 6 /ml) that was reported previously by McNamara and 353 colleagues (7). This suggest that our data may indicate airway: immune cell 354 interactions that occur in lungs of infants with large neutrophil infiltrate or severe RSV 355 bronchiolitis. Another limitation of our study was that we exposed epithelial cells to 356 naïve neutrophils directly isolated from peripheral blood. In the lungs, neutrophils are 357 recruited to migrate from the basal sub-epithelial space across the vasculature and 358 epithelium to the airways following RSV infection (33). In this context, the changes that 359 we observed are all the more striking. 360
361
In conclusion, this study has revealed that neutrophils exposed to ciliated epithelial cell 362 cultures infected with RSV have greater degranulation, deploying harmful proteins and 363 proteases to the apical surface media and increasing the capacity for tissue injury. We 364 have shown that neutrophils contribute to RSV-associated ciliary loss combined with 365 epithelial damage, which is likely to result in reduce mucociliary clearance. These 366 effects may contribute to viral clearance and provide important insights into the role of 367 neutrophils in host response in the airway. 
